ABSTRACT Interactive displays have been intensively used in consumer electronics, e.g., smartphones, for providing highly efficient human-machine interactions, assisting users to process a vast amount of data. However, current mainstream interactive displays only support 2-dimensional detection, strongly limiting user experience. In this paper, we present a piezoelectric and capacitive based technique for obtaining 4-dimensional detection, including (x-y axis) location, force, and hovers sensing in interactive displays. Here, electrodes are located on and underneath the piezoelectric layer, constructing a sandwich structured device. A self-capacitance-based technique is employed for location and hover sensing. Force-induced charges are collected and interpreted as force amplitude. As capacitive and piezoelectric sensing techniques occupy different frequency bands, these two signals can be smoothly separated, and 4-dimensional touch sensing is achieved concurrently, with the recognition of static force and hovers touch events.
I. INTRODUCTION
Touch sensing has become a must-have function in interactive displays, which are integrated into most smart electronic products, such as smartphones and tablets. Traditional touch sensing is achieved by resistive, capacitive, optical and acoustic wave related techniques [1] - [5] . Among these, capacitive architecture dominates the market due to its high transmittance, multi-touch support, etc. However, the current mainstream capacitive touch panel only achieves 2-dimensional sensing [3] , [6] , limiting the efficiency of human-machine interaction when users need to input a huge amount of data.
To address this, a variety of techniques have been proposed and implemented [7] - [15] . For example, Apple Inc employs an additional capacitive sensing layer underneath the original capacitive touch panel to detect the force amplitude.
Piezoelectric force sensing is used in [6] - [10] for passively perceiving force touches, and piezoresistive based techniques
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are developed to obtain force sensitive electrodes [11] - [15] . However, capacitive based force sensing adds additional cost and power consumption and can only provide three force levels since it cannot support multiple force touch events. The piezoelectric based technique fails in detecting a static force touch, and piezoresistive based architectures generate heat during operation which would boost electrode noise and hence decrease the sensitivity of the system.
The above explains the shortage of existing HMI techniques, which cannot satisfy user needs. In this paper, a touch panel for 4-dimensional sensing (x-y 2D location, force and hover sensing) is presented. Here, the piezoelectric material is inserted between the electrodes as shown in Fig. 1 . Due to the dielectric property of the piezoelectric material, the capacitive sensing function for 2-dimensional (x-y axis) detection is not affected [9] , [16] . Force-induced electrical charges are collected for force sensing. Since the frequency bands taken by piezoelectric and capacitive signals are different, these two signals can be separated smoothly. In addition, capacitive signals are used to interpret static force touch, and piezoelectric signals help in determining hover touch events. Hence 4-dimensional sensing is obtained, which potentially enables more applications.
This paper is structured as follows. Section II reviews the operational principle of a capacitive touch panel, characterizes the piezoelectric based force touch signal and explains the interaction between capacitive and piezoelectric effects. Section III describes the fabrication and measurements of the flexible 4-dimensional sensing touch panel. Section IV presents the assembled touch panel system and explains the algorithms for recognizing static force touch and hover touch. System performance is provided in Section V. Finally, conclusions are drawn in Section VI.
II. LITERATURE REVIEW A. WORKING PRINCIPLE OF THE CAPACITIVE TOUCH PANEL
The change in capacitance induced by a touch event is measured by a capacitive touch panel system [1] , [2] . The original electromagnetic field at the touch electrodes is altered by a conductive object (e.g. human finger), resulting in a change of capacitance. This is then detected by the electrode and sent to the processor to be compared to a threshold, to determine if a touch event has occurred or not. Self-capacitive and mutual capacitive are two widely used techniques in capacitive touch panels. The former detects the capacitance between the electrode and the ground (Fig 2 b) , while the latter perceives the electric field change between two electrodes by employing direct and fringe effects (Fig. 2 d) . Both can be arranged as row-and-column, but self-capacitance architectures cannot support multi-touch in this mode, hence are normally arranged as multi-pad architectures (Fig. 2 a) . Self-capacitive architecture is good at sensing hover touches due to its longer projection line, while the mutual-capacitance technique is more effective for large area displays, owing to its shorter scanning time for detecting multi-touch [1] , [4] .
The finger touch induced capacitance change (C F in Fig. 2 b) is at the pF level [17] , [18] . To detect such a small capacitance variation, the excitation signal of a capacitive touch panel is normally above 100 kHz [19] , [20] .
B. MECHANISM OF PIEZOELECTRIC FORCE TOUCH SENSING
Human finger touch is a low-frequency action, which is constrained to 10 Hz for most people [21] . However, although there are at most 10 touch events performed within one second, a touch induced electric signal can be up to 10 kHz, as they are triggered as ''impulse'' signals [21] , [22] . This is demonstrated in Fig. 3 , which depicts the time domain and frequency domain of a force touch induced electric signal on a piezoelectric sample. Hence, the frequency of force touch signal could be from DC to the kHz range [21] , [22] . From the explanation in this section, we can conclude that since the capacitive signal and force touch signal occupy different frequency bands, they can therefore be separated by filtering.
C. INTERACTION BETWEEN CAPACITIVE AND PIEZOELECTRIC EFFECTS
As conceptually illustrated in Fig. 1 and shortly described in the Introduction section, both capacitive and piezoelectric effects are utilized to achieve the 4-dimensional sensing. Hence, how the piezoelectric effect influences the capacitive sensing, and vice versa, is explained in this subsection.
When the proposed sandwiched device suffers a force touch, two factors are required to be considered for evaluating the capacitance change, based on the Eq. 1, which is expressed as:
where C 0 is the original capacitance formed by the top and bottom electrodes with the piezoelectric material in between.
A represents the overlap area of the electrode pair. d and ε indicate the thickness and relative permittivity of the piezoelectric layer, respectively. The first factor is the ε of the piezoelectric material, which shifts according to the touch speed [22] . ε is normally assumed as a constant parameter due to the frequency of touch induced electric signal is far smaller than the resonant frequency of the device [22] . The change of the second factor, d, is determined by the applied force amplitude and material's Young's modulus. d induced C is described as:
the ratio of changed capacitance to the original capacitance is defined as:
where
F and σ represent the force and its corresponding stress, Y the Young's modulus. Hence, Eq. 3 can be rewritten as:
Assuming a 1N force touch with 1 cm 2 contact area is applied with a piezoelectric layer, whose Young's modulus is 8.3 GPa [6] , then the outcome of Eq 5 is approximately 1.2 × 10 −6 , indicating that the force induced capacitance change can be neglected, aligning with our previously reported results in [6] .
As stated above in the subsection A, a high frequency AC signal above 100 kHz is conventionally used for capacitive sensing, which will result in the vibration of the piezoelectric layer, according to the inverse piezoelectric effect, weakening the force detection accuracy. The scalar expression of the changing electric field generated vibration is described as:
where S indicates strain, d 33 the piezoelectric coefficient in z direction and E the electric field. However, the inverse piezoelectric effect in fact can be also neglected due to the small voltage across the capacitor. Considering a 1V electric signal is employed for capacitance sensing, and d 33 equals to 20 nC/N [6] ; through Eq. 4 and Eq. 6, the electric field induced force is calculated to be 0.012N, which is much smaller compared to the user performed force amplitude (normally ranging from 1 to 10 N [6], [22] ). In summary, the interaction between capacitive and piezoelectric effects does exist, but can be overlooked for touch panel applications.
III. FABRICATION AND MEASUREMENT OF THE MULTI-DIMENSIONAL TOUCH PANEL A. FABRICATION
A force touch panel is expected to suffer frequent mechanical distortion, hence the mechanical strength of the electrodes is important. Based on this consideration, graphene electrodes instead of the conventional ITO electrodes are used in this work, due to their high mechanical strength (Young's modulus of ∼ 1 TPa and intrinsic strength of ∼ 130 GPa [23] ). In particular, the fracture strain of graphene can be one order higher than that of ITO [24] (ITO: 0.003-0.022 [25] , Graphene: 0.14 [23] ), indicating that graphene is a strong candidate for use in electrodes. In addition to this, the good optical transmittance of graphene [26] ensures its display related applications.
The device fabrication is shown in Fig. 4 . Monolayer graphene on Cu foil grown by Chemical Vapor Deposition (CVD) is bought from a commercial supplier (Graphenea). Poly (methyl methacrylate) (PMMA) is first coated onto the graphene sample. Next, the Cu is slowly etched in ammonium persulfate (APS) solution. After etching the Cu substrate, the PMMA coated graphene floated on the liquid surface is fished onto a glass slide and released in deionized water to wash out the etchant ions. In the next stage, graphene is fished onto the desired PET substrate. Once the graphene is dried on the PET substrate, the PMMA support layer is removed by acetone. The transferred graphene on PET is next shaped into the desired pattern via photolithography followed by oxygen plasma etching. The above procedure is repeated to produce two graphene/PET films. One of the films is used as the bottom (ground) layer, and another one is patterned, working as the top electrode layer. The two devices are laminated with a piece of commercial β-phase PVDF from Solvay Corp., becoming a flexible, transparent and multifunctional touch panel. 
B. MEASUREMENT
The fabricated touch panel is expected to be sensitive to changes in capacitance and force. For the capacitance measurement, a parameter analyser (Keithley 4200 SCS) is used. Two scenarios of capacitive touch are performed and measured. In the first scenario, conventional tapping touches are performed, indicating that the finger contacts the surface of theelectrode layer. The two devices are laminated with a piece of touch panel. In the second scenario, different layers of microscope slides (Thermo Fisher Scientific Inc.) are used to mimic a variety of distances for hover touch events. The thickness of each microscope slide is 0.5 mm.
A part of the contact touch experimental results is shown in Fig. 5 a, indicating that the capacitance change caused by the finger contact touch is at hundreds of pF level. The changed capacitance value is determined by the overlapped area between the finger and electrode.
In terms of non-contact touches, different layers of plain microscope slides are used to control the distance between the finger and the touch panel. As shown in Fig. 5 b, the hover touch induced capacitance change decreases as the number of glass slides increases. The number of glass slides and the change in capacitance value are negatively correlated, which aligns with our expectation. The fluctuations in Fig. 5 b are caused by the unstable finger positions.
The force touch performance was also investigated. First a series of finger touches were carried out. The results, shown in Fig. 6 a, indicate that the fabricated touch panel can discriminate between different force amplitudes. The following equations are used to interpret the force amplitude:
where σ represents the force induced stress. P and Q are the stress induced polarization and corresponding generated charges, and t is the thickness of the piezoelectric layer. ε 0 and ε r denote the vacuum permittivity and the relative permittivity of the piezoelectric material (PVDF in this paper), respectively. After the touch panel is fabricated, instead of using d 33 , the force-voltage responsivity is widely used for the force calculation, due to the difficulty in learning the amount of stress on the piezoelectric layer. A 3-dimensional control system is constructed to obtain accurate force-voltage responsivity (Fig. 6 b) , including three motors for controlling the touch position on the touch panel, a shaker for providing a continuous stable force signal, and a commercial force sensor to learn the force amplitude when the shaker's stick hits the touch panel. The responsivities of four touch pads are given in Fig. 6 c. The non-uniformity can be explained by the imperfect fabrication process.
IV. TOUCH SIGNAL INTERPRETATION ALGORITHM AND SYSTEM INTEGRATION
A touch panel system was assembled to demonstrate the practical use of the fabricated touch interface. A charge amplifier was used to readout the force and capacitive combined signal. As stated in Section II, the force touch signal has a lower frequency than the capacitive touch signal. As they occur concurrently, the force touch signal modulates the capacitive touch signal as shown in Fig. 7 a. To detect hover touch induced small capacitive change at the pF level, a 1 MHz excitation signal is used. The frequency spectrum of the force and capacitive touch signals are given in Fig. 7 b. Two challenges are faced when the fabricated touch panel is used for display applications: static force touch detection and interpretation of hover touch. The former comes from the intrinsic inability of piezoelectric materials to detect static force.
As to the latter, it is difficult to distinguish whether the small capacitance change is generated by a hover touch or a contact touch with a small contact area. To address this, a comprehensive algorithm is developed and implemented. Specifically, to detect the static force touch, a capacitive sensing function is employed. When the contact touch occurs, the touch event is detected concurrently by both capacitive sensing and force sensing function. Hence, if the force touch signal decreases with the stable presence of the capacitive signal, then we assume a static force touch has happened. In contrast, when only the electromagnetic field alters without the generation of force induced charges, a hover touch is recognized. The algorithm flowchart is explained in Fig. 7 c, and the system diagram is described in Fig. 7 d. 
V. RESULTS AND DISCUSSION

A. SYSTEM PERFORMANCE IN TOUCH DETECTION
The integrated touch panel system detects both force and capacitance changes. In this subsection, system performance in terms of detection sensitivity and responsivity are provided and discussed. The former refers to the force and capacitance detection sensitivities, while the latter only indicates the force-voltage responsivity.
The detection sensitivity is mainly constrained by the system's noise power, which is contributed by deterministic noise (e.g. common-mode noise from charger) and stochastic noise (e.g. thermal noise) [2] . Between them, deterministic noise is more severe for touch panel applications [2] . To remove it, our previously developed correlated-double sampling (CDS) based technique [2] is utilized, and an average signal-to-noise ratio (SNR) of 35 dB is achieved for finger touches at four channels, and the average sensitivity of capacitive sensing is 0.8 pF. As to the force detection accuracy, SNR is based on both noise power and force induced electric signal power. When SNR is 0 dB, a 0.17 N force touch event is recognizable. SNR and sensitivities of capacitive and force sensing are depicted in Fig 8 a and b .
The force-voltage responsivities of the four channels (Fig. 8 b) are slightly lower after the system integration, due to the change of boundary condition of the touch panel [6] , [22] .
B. THRESHOLDS OF CAPACITIVE AND FORCE TOUCH SENSING
The major consideration of setting up the threshold for capacitive sensing is the contact area between the finger and the VOLUME 7, 2019 touch panel. Although the radius of finger is ranging from 3 mm to 15 mm [22] , the minimum contact area is conventionally deemed as 1 mm 2 [22] , which results in a capacitive change of 23.6 pF.
For the force touch detection threshold, the key factor is user performed force amplitude, which is highly individual dependent. Though the experimental results in [30] and [31] , it is learned that 0.3 N can be treated as a boundary to distinguish force touches from conventional taps. Therefore, thresholds of registering capacitive touches and force touches are 23.6 pF and 0.3 N, respectively.
C. STATIC FORCE TOUCH DETECTION AND HOVER TOUCH RECOGNITION
Hover touch and force touch experiments were carried out using the touch panel system. Fig. 9 a shows the result of static force touches at channel 2, in which we can observe that first the static force touch is detected successfully with the developed algorithm. Second, the small joggling from the user finger (inevitable for a human user) results in fluctuations of force output, but does not strongly influence the capacitive touch output. This is because the small force change does not affect the contact area between the finger and touch panel. Fig. 9 b demonstrates the capacitive and force outputs for both hover and force touch events on channel 3. At the beginning, only capacitive output is affected by the hover touch. The rise and drop of capacitance values represent the movement of finger approaching and withdrawing, respectively. After the finger taps on the touch panel, both capacitive and force signals appear. Different force strengths are recognized by the force sensing function. We also notice that the capacitive value also changes according to the force amplitude. This can be explained by the increased contact area when the force touch becomes stronger. However, the relationship between the change in capacitance and the applied force is difficult to model, due to the highly unpredictable nature of user touch behaviour and finger characteristics.
D. ALGORITHM TIME BUDGET
Although the proposed and implemented algorithm achieves stable static force touch detection and hover touch recognition, the computational time and energy consumption are essential to be put into consideration. The system's scan rate of current mainstream touch panels is 60 Hz, indicating that the computational time should be within 16.7 ms [2] , which depends on the algorithm's complexity. In this work, the algorithm's complexity is O(2N ), and the corresponding computational load is very small as the sensors number is only 4. In a typical 16 columns 9 rows touch panel, N is equal to 144, hence the algorithm's complexity is 288. The processors in mainstream smartphones have a computational ability in the range of GHz [28] . Assuming a 1 GHz processor is employed, the corresponding computational time is 0.288 µs, which can be neglected compared to the touch panel's refresh interval.
E. ALGORITHM POWER CONSUMPTION
Power efficiency (η) of current processors is over 20 MIPS/mW [28] . The power consumption for the developed algorithm is calculated as:
Hence the power consumption is 14.4 nW, much smaller than the current touchscreen controllers (2.5 mW) [29] .
VI. CONCLUSION
In this paper, we present a piezoelectric based flexible touch panel for 4-dimensional touch interactivity. Here, challenges in the recognition of hover touches and static force touch signals in conventional capacitive and piezoelectric based touch panels are addressed, using the developed algorithm to interpret correlation between capacitive and force touch outputs. The high flexibility is ensured by graphene electrodes. The work in this article not only showcases a multidimensional sensing touch panel, but also demonstrates a way of improving the detection accuracy of one dimensional signal by using signals in other dimensions.
